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(57) ABSTRACT 

A dispersion compensating optical fiber for use in a high 
data rate telecommunications span or link. The dispersion 
compensating optical fiber in accordance with the invention 
provides excellent compensation of total dispersion over a 
range of wavelengths (e.g., 1527–1567 nm), thus minimiz 
ing Signal distortion in wavelength division multiplexed 
Systems. The dispersion compensating fiber has a refractive 
indeX profile with a central core Segment having an inner 
peak with A%, an outer peak with A%, and a trough with 
a A,% less than both A% and A%, a moat Segment with a 
A%, and a ring Segment with a A%. Preferably, A% and 
A% are greater than A%. Also disclosed is an optical 
transmission Span having residual dispersion less than +/-25 
ps/km for 100 km of transmission fiber over a wavelength 
band of 1527–1567 nm. 
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LARGE EFFECTIVE AREA, LOW KAPPA, 
DSPERSON COMPENSATING OPTICAL 
FIBER AND TELECOMMUNICATION SPAN 

INCLUDING SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to an optical fiber 

designed to compensate for chromatic dispersion, and more 
particularly to a dispersion compensating optical fiber 
designed to provide Superior compensation over a Specified 
wavelength band. 

2. Technical Background 
Dispersion compensation techniques in telecommunica 

tions Systems or spans have been used Successfully. One 
useful dispersion compensation technique is where the total 
dispersion (also called chromatic dispersion) of a transmis 
Sion Span is compensated for by an appropriately designed 
(generally having a negative dispersion at 1550 nm) disper 
Sion compensation optical fiber (a so-called dispersion com 
pensating fiber). The dispersion compensating fiber is gen 
erally wound onto a spool and is housed in a dispersion 
compensation module. The dispersion compensating module 
is inserted into the transmission span at an access point, Such 
as at the end of the Span to compensate for the accumulated 
dispersion of the Span. 

Another dispersion compensation Scheme involves the 
use of both positive and negative dispersion fibers in the 
cables of the span (a so-called dispersion managed cable). 
Each cable may contain both positive and negative total 
dispersion waveguide fibers, or the span can be formed using 
cables having only positive dispersion together with cables 
having only negative dispersion. 

In yet another dispersion compensation technique, the 
dispersion compensating fiber exhibits a total dispersion and 
a total dispersion slope, both of which effectively mirror that 
of the transmission fiber. That is, the ratio of total dispersion 
to the total dispersion slope, referred to as kappa, is identical 
(or near identical) for the transmission fiber and the disper 
Sion compensating fiber. Matching kappas of the two fibers 
helps improve compensation acroSS the desired wavelength 
band. 

Optical transmissions Systems are currently designed with 
the goal of providing residual dispersion acroSS a represen 
tative span that is very low within an operating wavelength 
band. However, new dispersion compensating fiber designs 
are continuously being Sought after that can further reduce 
residual dispersion (defined herein as one half of the differ 
ence between the maximum and minimum dispersion acroSS 
the wavelength band of interest for a 100 km length of 
transmission fiber being compensated). 

There is, therefore, a need for a dispersion compensating 
fiber that provides low residual dispersion in Systems oper 
ating over a specified wavelength band, and in particular, a 
need for dispersion compensating fibers that exhibit a low 
kappa and large effective area. 

SUMMARY OF THE INVENTION 

The following definitions are in accordance with common 
usage in the art. 

Refractive index profile-Relationship between refrac 
tive index or relative refractive index and optical fiber 
waveguide radius. 

Segmented core-A core that is divided into at least a first 
and a Second waveguide fiber core portion or Segment, but 
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2 
which may include more than two Segments, Such as a 
central core, a moat, and a ring. Each portion or Segment is 
located along a particular radial length dimension, is Sub 
Stantially Symmetric about the waveguide fiber's centerline, 
and has an associated refractive indeX profile. 
Radi-Radii of the segments of the core are defined in 

terms of the respective refractive indexes at respective 
beginning and end points of the Segments. The radii are 
measured from the fiber's centerline to the intersection of 
the end of a Segment with a hypothetical line having the 
same index of refraction as the cladding (the So-called Zero 
crossing line). Further definitions of the radii used herein are 
Set forth in the figures. 

Total dispersion-(Sometimes called chromatic disper 
Sion) Sum of the material dispersion, waveguide dispersion, 
and the inter-modal dispersion. In the case of Single mode 
waveguide fibers, the inter-modal dispersion is Zero. The 
Sign convention generally applied to the total dispersion is as 
follows: total dispersion is said to be positive if shorter 
wavelength Signals travel faster than longer wavelength 
Signals in the waveguide. Conversely, in a negative total 
dispersion waveguide, Signals of longer wavelength travel 
faster. 

Effective Area. The effective area is given by the equa 
tion: 

A=2 (JE’ r dr)/(JErdr), 

where the integration limits are 0 to OO, E is the electric field 
asSociated with light propagated in the waveguide, and r is 
the fiber's radius. 

Relative refractive index percent (A%) The relative 
refractive indeX percent (A%) as used herein is given by the 
equation: 

where n is the maximum refractive indeX in the region i, 
unless otherwise specified, and n is the average refractive 
index of the cladding region. In those cases in which the 
refractive index of a specified Segment is less than the 
average refractive index of the cladding region, the relative 
indeX percent is negative and is calculated at the point at 
which the relative indeX is most negative unless otherwise 
Specified. 

C-profile-The term C-profile refers to a refractive index 
profile, expressed in terms of A(b)%, where b is radius, 
which follows the equation: 

where b is the point at which A(b)% is maximum, b is the 
point at which A(b)% is zero, and b is in the range bsbsbe 
where delta is defined above, b, is the initial point of the 
C-profile, b, is the final point of the C-profile, and C. is an 
exponent which is a real number which generally defines the 
shape of the C-profile. 
Kappa-The total dispersion divided by total dispersion 

Slope. 
Optical fiber telecommunications link or Span-A 

waveguide optical fiber telecommunications link or tele 
communications span (or simply a link or span) is made up 
of a length of optical waveguide fiber having respective ends 
adapted to be optically coupled to a transmitter and receiver 
Such that light signals may be propagated therebetween. The 
length of optical waveguide fiber is generally made up of a 
plurality of Shorter lengths that are spliced or connected 
together in end to end Series arrangement. Aspan or link may 
include additional conventional optical components Such as 
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optical amplifiers, optical attenuators, optical Switches, opti 
cal filters, or multiplexing or demultiplexing devices and/or 
other conventional devices. A group of inter-connected links 
or SpanS is a telecommunications System. 

Pin array bend test The pin array bend test is used to 
compare relative resistance of waveguide fibers to bending 
applied thereto. To perform this test, attenuation at a speci 
fied wavelength of 1550 nm is measured for a waveguide 
fiber with essentially no induced bending loss. The 
waveguide fiber is then woven about an array of pins (the pin 
array) and attenuation again measured at 1550 nm. The loss 
induced by bending, typically expressed in units of dB, is the 
difference between the two attenuation measurements. The 
pin array test as defined herein has a set of ten cylindrical 
pins arranged in a single row and held in a fixed vertical 
position on a flat Surface. The pin Spacing is 5 mm, center 
to center, and the pin diameter is 0.67 mm. The waveguide 
fiber is caused to pass on opposite sides of adjacent pins. 
During testing, the waveguide fiber is placed under a tension 
just Sufficient to make the waveguide conform to a portion 
of the periphery of the pins. The test provides a measure of 
the macro-bend resistance of the waveguide optical fiber. 

Lateral load test-Another bend test referenced herein is 
the lateral load test. In this test, a prescribed length of 
waveguide optical fiber is placed between two flat plates. A 
#70 wire mesh is attached to one of the plates. A known 
length of waveguide fiber is Sandwiched between the plates 
and in contact with the mesh and a reference attenuation is 
measured while the plates are pressed together with a force 
of 30 newtons. A 70 newton force is then applied to the 
plates and the increase in attenuation, typically express in 
units of dB/m, is measured. This increase in attenuation is a 
measure of the lateral load attenuation of the waveguide. 

In accordance with embodiments of the present invention, 
a dispersion compensating optical fiber is provided with a 
refractive indeX profile having a central core Segment with 
an inner and outer peak and a trough positioned between the 
inner and Outer peaks. This dispersion compensating fiber 
advantageously may achieve both relatively low kappa and 
relatively high effective area. The inner peak preferably has 
a relative refractive indeX, A,%; the Outer peak preferably 
has a relative refractive index, A%; and the trough prefer 
ably has a minimum relative refractive indeX, A,%, less than 
both A% and A%. The dispersion compensating fiber 
preferably also has a moat Segment, Surrounding the central 
core Segment, having a relative refractive index, A%, and a 
ring Segment, Surrounding the moat Segment, having a 
positive relative refractive index, A%. Preferably, A% and 
A% are greater than A%. Preferably also, the inner peak is 
located at a radial radius r of between about 0.0 um and 1.0 
tim. The outer peak is preferably located at a radial radius r 
between about 1.5 um and 2.5 lum. 

Preferably, the refractive index profile of the dispersion 
compensating fiber is Selected to provide a negative total 
dispersion at 1550 nmi; more preferably a total dispersion 
between about -50 and -100 ps/nm/km. Further, preferably 
the refractive indeX profile of the dispersion compensating 
fiber is Selected to provide a negative total dispersion Slope 
at 1550 mm; more preferably a total dispersion slope of 
between -1.0 and -2.5 ps/nm/km. According to further 
embodiments of the invention, the dispersion compensating 
fiber preferably has a kappa, defined as a ratio of total 
dispersion to total dispersion slope at 1550 nm, of less than 
100 nmi; more preferably of between about 35 nm to 65 nm. 
at 1550 nm. 

In a preferred embodiment of the invention, the minimum 
trough relative refractive indeX, A,%, of the dispersion 
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4 
compensating fiber is positive; A,% being most preferably 
between about 0.3% and 1.0%. Further, the relative refrac 
tive index, A%, of the moat Segment is preferably negative; 
more preferably less than -0.5%; and most preferably in the 
range from -0.5% to -1.0%. The relative refractive index, 
A%, of the ring Segment is preferably also positive; more 
preferably greater than 0.4%; and most preferably between 
about 0.5% and 1.0%. 

In accordance with further embodiments of the invention, 
an optical fiber communications span is provided compris 
ing a transmission fiber operating in a wavelength band 
having a center operating wavelength, and the dispersion 
compensating fiber in accordance with any of the embodi 
ments of the invention optically coupled to the transmission 
fiber, wherein a wavelength corresponding to the maximum 
negative dispersion (a so-called dispersion minima) of the 
dispersion compensating fiber is located at least 50 nm 
above the center operating wavelength. Preferably, the opti 
cal fiber communications Span exhibits a residual dispersion 
less than +/-20 ps/nm per 100 km of transmission fiber over 
a wavelength band of between 1527 to 1567 nm. 

In accordance with further embodiments of the invention, 
an optical fiber communications span is provided compris 
ing a transmission fiber operating in a wavelength band 
having a center operating wavelength, and a dispersion 
compensating fiber in accordance with any of the embodi 
ments of the invention optically coupled to the transmission 
fiber wherein residual dispersion of the Span is less than 
+/-20 ps/nm per 100 km of transmission fiber over a 
wavelength band of between 1527 to 1567 nm. 

Additional features and advantages of the invention will 
be set forth in the detailed description which follows, and in 
part will be readily apparent to those skilled in the art from 
that description or recognized by practicing the invention as 
described herein, including the detailed description which 
follows, the claims, as well as the appended drawings. 

It is to be understood that both the foregoing general 
description and the following detailed description present 
embodiments of the invention, and are intended to provide 
an overview or framework for understanding the nature and 
character of the invention as it is claimed. The accompany 
ing drawings are included to provide a further understanding 
of the invention, and are incorporated into and constitute a 
part of this Specification. The drawings illustrate various 
embodiments of the invention, and together with the 
description Serve to explain the principles and operations of 
the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plot of a refractive index profile of the 
dispersion compensating fiber in accordance with embodi 
ments of the present invention. 

FIG. 2 is a partial isometric view of the dispersion 
compensating fiber in accordance with embodiments of the 
present invention. 

FIG. 3 is a plot of a refractive index profile of another 
embodiment of the dispersion compensating fiber in accor 
dance with the present invention. 

FIG. 4 is a schematic view of an optical fiber span 
including the dispersion compensating fiber in accordance 
with the present invention. 

FIG. 5 is a plot of total dispersion vs. wavelength of an 
embodiment of the dispersion compensating fiber in accor 
dance with the present invention illustrating the location of 
the dispersion minima. 
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FIG. 6 is a plot of total dispersion vs. wavelength for 
various embodiments of the dispersion compensating fiber 
in accordance with the present invention. 

FIG. 7 is a plot of residual dispersion vs. wavelength for 
optical fiber communication spans including embodiments 
of the dispersion compensating fiber in accordance with the 
present invention. 

FIGS. 8-16 are a plots of a refractive index profile of 
other embodiment of the dispersion compensating fiber in 
accordance with the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Reference will now be made in detail to the present 
preferred embodiment(s) of the invention, examples of 
which are illustrated in the accompanying drawings. When 
ever possible, the same reference numerals will be used 
throughout the drawings to refer to the same or like parts. 

Several exemplary embodiments of the dispersion com 
pensating fiber 20 in accordance with the invention are 
shown in FIG. 1 and FIG. 3. These figures plot the refractive 
indeX profile of the multi-Segmented core dispersion com 
pensating fiber illustrating delta percentage, Delta 76 (oth 
erwise referred to as A(7%) herein), plotted against the fiber 
radius in tum. FIGS. 8-16 illustrate refractive index profiles 
of other embodiments of the dispersion compensating fiber 
in accordance with the invention. 

The dispersion compensating fiberS20 in accordance with 
the various embodiments of the invention described herein 
include a central core Segment 22 including an inner peak 27 
with a relative refractive index, A,%, preferably located at a 
radius r of between 0.0 um and 1.0 um (the radius r is 0.0 
um in FIG. 1), and in some embodiments between 0.25 and 
0.75 um, an outer peak 29 with a relative refractive index, 
A%, preferably located at a radius, r, between 1.5 um and 
2.5 tim, and a trough 23 positioned between the inner peak 
27 and outer peak 29 at a radius, r, having a minimum 
relative refractive index A,% less than both A% and A%. 
The radius, r, for example, is measured from the profile 
centerline, CL, to the point of maximum refractive index of 
the inner peak 27. The radius, r, for example, is measured 
from the profile centerline, CL, to the point of maximum 
refractive index of the outer peak 29. The radius, r, for 
example, is measured from the profile centerline, CL, to the 
point at which the central core Segment 22 profile crosses the 
projected horizontal line 25 defined by A%=0.0. The hori 
Zontal line 25 defined by A%=0.0 corresponds to the clad 
ding 28 which is preferably pure silica. All other radii 
discussed herein are also measured relative to the profile 
centerline, CL. 

Dispersion compensating fibers in accordance with the 
invention preferably also include an annular moat Segment 
24 which is preferably fluorine doped, such that it exhibits 
a negative relative refractive index, A%. A radial Outermost 
edge of the moat Segment 24 is defined by an outer radius, 
ra, measured to the point at which the ascending leg of moat 
Segment 24 meets the Zero line 25. The dispersion compen 
Sating fibers 20 preferably also include an annular ring 
Segment 26, which is preferably germania doped Such that 
the fibers exhibit a positive relative refractive index, A%. 
The radial location of ring Segment 26 is defined by radius, 
ra, measured to the approximate center thereof. In particular, 
ra is measured to a point which bisects a line 31 connecting 
the two half height points A, B on the ring Segment 26. The 
halfheight points A, B are defined as the points on the profile 
positioned at /2 the value of A%. A half width of the ring 
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6 
Segment 26 is given by W. and is defined as the radial 
distance between the two half height points A, B on the 
ascending and descending legs of the ring Segment 26. The 
So-called offset of the ring Segment 26 from the edge of the 
moat Segment 24 is quantified and defined by the dimension 
X. X is defined as the distance between the outer edge of 
the moat segment 24 (at ra) and the half height point A. The 
definitions of radir, r, r, r, r2, rs, offset X, and half width 
W, will be used for each of the refractive index profiles 
disclosed and described herein and will not be repeated in 
the description herein. The dispersion compensating fibers 
described herein also include a cladding 28 which abuts and 
Surrounds the ring Segment 26. The cladding 28 is preferably 
Substantially pure Silica as described above, but may alter 
natively include amounts of other dopants. Although shown 
truncated, the cladding extends the outside of the fiber, 
preferably at a diameter of about 125 microns. Surrounding 
the cladding is a fiber coating (not shown for clarity). 
Generally, Such coatings include a primary and Secondary 
polymer coatings of differing modulus of elasticity as are 
known to perSons of ordinary skill in the art. 

Segmented core refractive index profile charted in FIG. 3 
has a central Segment 22, a moat Segment 24, and a ring 
segment 26 similar to the profile depicted in FIG. 1. How 
ever, the rounding which is evident at the juncture of 
Segments 24 and 26 and at the minimum point of Segment 24 
is due to dopant diffusion which occurs at relatively abrupt 
changes in relative refractive index, i.e., relatively abrupt 
changes in dopant concentration. Additionally, the central 
core segment 22 of the FIG. 3 embodiment includes a 
centerline depression 25 that causes the inner radius, r, to be 
nonzero. In particular, the radius, r, in this embodiment is 
preferably located between 0.25 and 0.75 um from the CL. 
The embodiment of dispersion compensating fiber shown 

in FIG. 1 is similar to that of FIG. 3 except that the 
transitions between the Segments are sharper in FIG. 1. It 
should be recognized that Such sharp transitions, although 
desirable, are difficult to achieve due to processing limita 
tions and, thus, the alternate dotted relative refractive indeX 
configurations (illustrated by dotted line 30, 32-36) are 
more readily achievable. 

According to the invention, the respective refractive indeX 
profiles of the dispersion compensating fibers 20 shown in 
FIGS. 1, 3 and 8-16 have preferred structural parameters 
taken from the following ranges: 

relative refractive index, A%, of the inner peak 27 of the 
central core Segment 22, is preferably in the range from 
0.5% to 2.0%, and in certain embodiments between 
0.7% and 1.8%, and radius, r, is preferably in the range 
from 0.0 um to 0.85 um, and in certain embodiments 
between 0.25 and 0.75um; 

relative refractive index, A%, of the outer peak 29 of the 
central core Segment 22, is preferably in the range from 
0.9% to 2.0%; and in certain embodiments between 
0.9% and 1.7%, and radius, r, is preferably in the range 
from 1.4 um to 2.4 um, and in certain embodiments 
between 1.5 and 2.25 um; 

minimum relative refractive index, A%, of the trough 23 
of the central core Segment 22 that is preferably posi 
tive, less than both A% and A%, and preferably in the 
range from 0.3% to 1.0%, and in some embodiments 
from 0.4% to 1.0%, and radius r, in the range from 0.5 
tim to 1.5 tim; 

relative refractive index, A%, of the moat Segment 24 
which is preferably negative, preferably more negative 
than -0.5%, more preferably in the range from -0.5% 
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to -1.0%, and preferably has an Outer radius, ra, in the 
range from about 4.0 lim to 8.0 lim; 

relative refractive index, A%, of the ring Segment 26 
which is preferably positive, preferably greater than 
0.4%, more preferably in the range from 0.5% to 1.0%, 
and having a center radius, r in the preferable range 
from 5.0 um to 9.0 um; and 

index, A%, and indeX, A,%, are preferably greater than 
index A%. 

Profiles of the dispersion compensating fiber 20 in accor 
dance with the invention where modeled based upon the 
relative refractive indeX percent verSuS radius shown in 
FIGS. 1, 3 and 8-16. The structural parameters of each of the 
profiles as well as the predicted (calculated) fiber attributes 
are set forth in Tables 1 and 3 below. 

TABLE 1. 

Dispersion Compensating Fiber Examples 

Ex. # 

Ex. 1 Ex. 2 Ex. 3 Ex. 4 Ex. 5 
Ref. Numeral 

61 62 63 64 65 
FIG. it 

FIG. 8 FIG. 9 FIG. 10 FIG. 1 FIG. 3 

A % 0.71 1.O1 1.76 1.37 1.10 
A% O.63 O.83 O.74 O.82 O.SO 
A % 1.61 1.13 1.63 1.41 1.06 
A % (Min) -O.90 -0.82 -0.87 -O.89 -O.73 
A 76 O.89 O.76 O.79 O.76 O.51 
ri (um) O.OO O.OO O.OO O.OO O.45 
r (um) O.42 O.86 O.96 O.94 1.05 
r (um) 1.89 2.23 1.84 1.92 181 
r (um) 2.19 2.24 2.14 2.18 2.35 
r2 (tam) 5.38 5.68 5.40 5.43 6.44 
rs (um) 6.41 6.93 6.31 6.35 8.19 
W. (um) 1.11 1.18 1.43 1.46 1.59 
Xo (ium) O.47 O.66 O.19 O.19 0.95 
Dispersion -75.4 -77.5 -75.9 -75.9 -73.2 
(ps/nm/km) 
G 1550 mm 
Dispersion -1.31 -1.30 -1.27 -1.27 -1.58 
Slope 
ps/nm/km. 
G 1550 mm 
Kappa 57.5 59.4 59.7 59.6 46.2 
(nm) 
G 1550 mm 
Dispersion 1640 1640 1642 1641 1621 
Minimum 
Location 

(nm) 
Dispersion -195 -194 -2OO -199 -202 
Minimum 
ps/nm/km. 
Aeff (um) 23.7 23.7 21.7 22.1 27.5 
G 1550 mm 
MFD (um) 4.98 5.13 4.88 4.92 5.64 
G 1550 mm 
Pin Array 14 38 12 17 86 
(dB) 
G 1550 mm 
Lateral O.O9 O.09 O.O8 O.09 O.12 
Load Bend 

Loss (dB) 
G 1550 mm 
Cutoff (nm) 198O 1870 1950 1900 1930 
Straight 
Fiber 

8 
The refractive index profiles of the family of dispersion 

compensating fibers in accordance with the present inven 
tion are Selected to provide total dispersion values that are 
negative at 1550 nm, and more preferably between -50 
ps/nm/km and -100 pS/nm/km at 1550 nm. Preferably also, 
the refractive index profiles of the family of dispersion 
compensating fibers are Selected to provide total dispersion 
Slope values that are negative at 1550 nm, and more pref 
erably between -1.0 ps/nm/km and -2.5 ps/nm°/km at 1550 
nm. Kappa of the family of dispersion compensating fibers 
20, defined as the ratio of total dispersion to total dispersion 
Slope at 1550 nm, are designed to match well with the kappa 
values of certain high performance transmission fibers, for 
example, which have a kappa Value less than 100 nm, more 
preferably in the range from 35 nm to 65 nm. Comparing the 

Ex. 6 Ex. 7 Ex. 8 

66 67 68 

FIG. 11 FIG. 12 FIG. 13 

1.09 1.10 .40 
O.37 O.60 O.33 
O.98 1.06 O3 

-O.73 -O.73 -O.73 
O.51 O.51 O.51 
O.62 O.45 O.25 
1.14 1.06 O9 
1.58 18O 77 
2.44 2.34 2.52 
6.52 6.41 6.60 
8.33 8.16 8.47 
1.66 1.59 .71 
O.98 0.95 O1 

-75.8 -58.9 -81.9 

-1.63 -1.25 -1.73 

46.5 47.3 47.3 

1621 1634 1616 

-201 -201 -196 

27.3 25.7 28.5 

5.60 5.52 5.72 

74 68 71 

O.11 O.O8 O.13 

1980 1910 2040 
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effective areas of this fiber profile to conventional fiber 
profiles, such as taught in U.S. Pat. No. 6,445,864 having 
effective areas at 1550 nm of between about 15-17 um, it 
can be readily Seen that the effective area of the present 
dispersion compensating fiber is much larger. In particular, 
the effective areas of the dispersion compensating fibers 20 
in accordance with the invention are greater than 20 um at 
1550 nm, and in some embodiments greater than 25 um at 
1550 nm. 

Each of the cutoff wavelengths set forth in Table 1 above 
Satisfy the operating conditions for the Systems in which 
they will be used, namely Such that the dispersion compen 
Sating fiber is single mode in operation at 1550 nm. 
One feature of dispersion compensating fibers 20 made in 

accordance with the parameters set forth in Tables 1 and 3 
is that, in addition to the performance parameters shown 
therein, the fibers offer excellent System dispersion compen 
sation over a designed wavelength band. In particular, the 
dispersion compensating performance over the wavelength 
range (1527-1667 nm) is shown in FIG. 7 and is described 

5 

15 

10 
over an operating wavelength range of between about 1527 
nm to 1567 nm (the C-band). In particular, the plot illustrates 
System residual dispersion which is less than about +/-25 
ps/nm for a 100 km length of the transmission fiber over the 
wavelength band from 1527-1567 mm; and more preferably 
less than +/-20 pS/nm for a 100 km length of the transmis 
sion fiber. The transmission fiber 46 utilized in the system is 
preferably a non-zero dispersion shifted fiber (NZDSF) 
which exhibits a total dispersion at 1550 nm of between 
about 3.4 to 5.1 ps/nm/km and a kappa at 1550 nm of 
between about 40 and 70 nm. The NZDSF preferably has an 
effective area at 1550 nm in the range from about 58 to 86 
tum at 1550 nm, and a total dispersion slope at 1550 nm of 
between about 0.068 to 0.102 ps/nm°/km. Table 2 below 
illustrates the lengths of the various fibers in the Span and the 
modeled residual dispersion for each span over the wave 
length range (1527-1567 nm) including the various 
examples of dispersion compensating fiber in accordance 
with embodiments of the invention. Some, but not all, of the 
examples include trim fiber 48. 

TABLE 2 

Modeled System Dispersion Compensation Performance 

Example # 

1. 2 3 4 5 6 7 8 

L DCF (km) 7.20 7.06 7.25 7.24 5.24 5.39 6.47 4.98 
L Trim (km) 7.98 8.15 8.35 8.26 O.OO O.OO O.OO O.OO 
L Trans (km) 1OO 1OO 1OO 1OO 1OO 1OO 1OO 1OO 
Residual +f-15.5 +f-12.8 +f-12.7 +f-12.6 +f-15.2 +f-15.3 +f-17.3 +f-15.9 
Dispersion 
(ps/nm/km) 
Wavelength 1527-1567 1527-1567 1527-1567 1527-1567 1527-1567 1527-1567 1527-1567 1527-1567 
Range (nm) 

with reference to the system shown in FIG. 4 in the 
following transmission Span example. 
As is best shown in FIG. 4, an optical fiber transmission 

span 40 is formed using 100 km of transmission optical 
waveguide fiber 46, having a total dispersion at 1550 nm of 
between about 3.4 to 5.1 ps/nm/km, an effective area at 1550 
nm in the range of 58 to 86 um, a total dispersion slope at 
1550 nm of between about 0.068 to 0.102 ps/nm/km, and 
a kappa of about 40 to 70 nm at 1550 nm. The transmission 
optical fiber 46 is optically coupled to a length of dispersion 
compensating fiber 20 in accordance with the invention, 
various embodiments being shown in FIGS. 1, 3, and 8-16 
and described in Tables 1 and 3 herein. Preferably also, the 
span 40 may include a third fiber, such as a trim fiber 48 
which is used to further improve the level of compensation 
over the span 40. The trim fiber 48 is preferably a single 
mode fiber having a positive dispersion and positive disper 
sion slope at 1550 nm and preferably exhibiting a total 
dispersion of between about 12 and 22 ps/nm/km at 1550 nm 
and a dispersion slope of between about 0.04 and 0.075 
ps/nm/km at 1550 nm. The dispersion compensating fiber 
20 and the trim fiber 48 are preferably wound onto spools 
and packaged as a dispersion compensating module 52. 

Referring now to FIG. 7, illustrated is a graph of calcu 
lated residual dispersion versus wavelength for different 
spans including the various embodiments of dispersion 
compensating fibers 20 is made in accordance with the 
refractive index profiles of examples 1-8 described in Table 
1 above. Each of the spans includes 100 km of transmission 
fiber as described below. FIG. 7 shows residual dispersion 

40 

45 

50 

55 

60 

65 

The family of dispersion compensating fibers whose 
dispersion plots are illustrated in FIG. 6 will provide excel 
lent dispersion compensation for any wavelength division 
multiplexed (WDM or DWDM) system having channels that 
extend over a range of at least 1527 nm to 1567 nm. Each 
of the embodiments of the dispersion compensating fibers 20 
provides for Substantially equal compensation of channels 
over the wavelength range of operation. Such compensation 
over a wide wavelength range Serves to enable high data 
rate, long haul, wavelength division multiplexed telecom 
munications Systems with little signal distortion. 

Table 3 below illustrates yet another group of dispersion 
compensating fibers 20 in accordance with embodiments of 
the invention. The general Structure of the various examples 
9-11 are shown in FIGS. 14-16. 

TABLE 3 

More Dispersion Compensating Fiber Examples 

Ex... if 

Ex. 9 Ex. 10 Ex. 11 
FIG. # 

FIG. 14 FIG. 15 FIG. 16 

A % 1.09 1.09 1.09 
A % O42 O42 O.42 
A % 1.12 1.12 1.12 
A % (Min) -0.64 -0.84 -0.65 
As % 0.87 O.67 0.72 
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TABLE 3-continued 

More Dispersion Compensating Fiber Examples 

Ex... if 

Ex. 9 Ex. 10 Ex. 11 
FIG. # 

FIG. 14 FIG. 15 FIG. 16 

ri (um) O.73 O.77 O.67 
r (um) 1.40 1.48 1.35 
r (um) 2.19 2.30 2.13 
r (um) 2.45 2.64 240 
r2 (tam) 7.03 6.08 6.17 
rs (um) 7.92 8.73 8.25 
W. (um) 1.25 1.48 O.86 
Xo (ium) 0.27 1.67 1.65 
Dispersion (ps/nm/km) -60.0 -93.3 -94.7 
G 1550 mm 
Dispersion Slope -1.22 -2.34 -2.00 
(ps/nm/km) (c. 1550 nm. 
Kappa (nm) (c. 1550 nm. 49.3 39.8 47.3 
Dispersion Minimum 1632 1606 1614 

Location (nm) 
Dispersion Minimum -174.8 -218.4 -226.0 
(ps/nm/km) 
Aeff (um) 26.5 27.9 27.3 
G 1550 mm 
MFD (um) 5.56 5.56 5.62 
G 1550 mm 
Pin Array 63.2 1986 145 
(dB) 
G 1550 mm 
Lateral Load Bend Loss O.09 O.15 O.14 

(dB) (a 1550 nm. 
Cutoff (nm) 1908 2262 1842 
Straight Fiber 

AS should be recognized, any of the dispersion compen 
sating fibers 20 described herein may be employed in a fiber 
link or span that, in turn, is used in a telecommunications 
system, such as, for example, a multi-channel WDM or 
DWDM system. The dispersion compensating fibers 20 
disclosed herein may be employed in a cabled link or in a 
dispersion compensating module 52 as described above. 

In a preferred embodiment, the dispersion compensating 
fibers 20 described herein are employed in a fiber span 40 
together with a transmission fiber 46 which is a non-zero 
dispersion shifted fiber (NZDSF) type fiber which exhibits a 
total dispersion at 1550 nm of between about 3.4 to 5.1 
pS/nm/km, an effective area at 1550 nm in the range from 
about 58 to 86 um at 1550 nm, a total dispersion slope at 
1550 nm of between about 0.068 to 0.102 ps/nm/km, and 
a kappa at 1550 nm of between about 40 and 70 nm. In one 
particularly preferred embodiment, the fiber span is located 
between a pair of erbium doped fiber amplifiers comprising 
component (A) 42 and component (B) 44 with one end of the 
large effective area, positive dispersion fiber 46 located at 
the amplifier output Side and the other optically coupled to 
the dispersion compensating fiber 20 of the present inven 
tion. Having the large effective area fiber disposed at the 
location of highest optical power minimizes nonlinear 
effects Such as croSS phase modulation and four wave 
mixing. 

In another embodiment, the fiber span is located between 
a pair of hybrid amplifiers which are capable of erbium 
doped fiber amplification in the forward propagating direc 
tion and Raman amplification in the backward propagating 
direction. The span which is disposed between the two 
amplifiers in this embodiment (not shown) includes a length 
of the dispersion compensating fiber of the present invention 
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located between two lengths of the large effective area, 
positive dispersion fiber. Having the large effective area fiber 
disposed at both ends of the fiber span facilitates both 
transmission of the Signal which is amplified by the erbium 
doped fiber amplifier, and Raman pumping of the Signal by 
the Raman pump amplifier. Preferably, the two lengths of 
positive dispersion fiber employed in the Span are of rela 
tively equal length. 

FIG. 5 is shown herein to describe the dispersion minima 
54 in the dispersion plot and its location relative to the 
operating wavelength band 55 and center wavelength 56. It 
should be recognized that the definitions relative to FIG. 5 
are equally applicable to the embodiments of dispersion 
compensating fiber 20 shown in FIG. 6 and such definitions 
have been omitted therein for the sake of clarity. As shown 
in FIG. 5, the total dispersion of the dispersion compensat 
ing fiber 20 (Example 6) is plotted versus wavelength 
(between about 1500 and 1700 nm). As should be recog 
nized, each curve exhibits a dispersion minima 54, that is, a 
point as a function of wavelength having the lowest total 
dispersion. In operation, the dispersion compensating fiber 
20 is deployed and operated with an operating wavelength 
band 55 having a center wavelength 56. 

According to further embodiments of the invention (De 
scribed in FIGS. 5 and 6), the dispersion compensating 
fibers 20 are designed such that the minima 54 is preferably 
positioned and located at a wavelength interval 57 that is at 
least 55 nm above the center 56 of the operating wavelength 
band 55. FIG. 5 illustrates this spacing of the minima 54 
from the center operating wavelength 56. However, it should 
be recognized that all of the dispersion compensating fibers 
20 described herein preferably exhibit this property (ex 
amples 1-11). For the sake of clarity, in the example shown, 
1550 nm is the center operating wavelength 56 and the 
operating wavelength band 55 is the C-band (from 
1527-1567 nm). Thus, by way of example, a desirably 
designed dispersion compensating fiber 20 in accordance 
with embodiments the invention will preferably have a 
minima 54 located at a wavelength of at least 1605 nm or 
higher. The plots illustrated in FIG. 6 show various positions 
of the minima 54. Accordingly, it should be recognized that 
by changing various fiber parameters, the position thereof 
may be adjusted. In particular, the plots numbers and their 
corresponding examples are shown in Table 1. 

It should be understood that the spans disclosed and 
described herein may be used in optical connection with one 
another to form a telecommunications link or span, which 
preferably includes a transmitter and receiver and typically 
can incorporate a variety of other conventional components 
Such as optical amplifiers, couplers, pump lasers, wave 
length division multiplexing devices, and electro-optical 
regeneratorS. 
The dispersion compensating fibers in accordance with 

the invention may be produced by any known method, Such 
as OVD, MCVD, PCVD or combinations thereof. The 
profile of the central core Segment 22 is preferably manu 
factured by varying the amount of germania dopant as a 
function of preform radius by an OVD method. The moat 
Segment is preferably formed by depositing Silica-contain 
ing Soot on a germania doped core cane and then Solution 
doping the preform with fluorine by exposing the preform at 
a suitable temperature to a SiF, CF or other like fluorine 
containing compound. 

It will be apparent to those skilled in the art that various 
modifications and variations can be made to the present 
invention without departing from the Spirit and Scope of the 
invention. Thus it is intended that the present invention 
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cover the modifications and variations of this invention 
provided they come within the Scope of the appended claims 
and their equivalents. 
What is claimed is: 
1. A dispersion compensating fiber, comprising: 
a refractive indeX profile having 

a central core Segment with 
an inner peak having a relative refractive index A,% 

located at a radius r of between 0.0 um and 1.0 
Alm, 

an Outer peak with a relative refractive indeX A% 
located at a radius r between 1.5 um and 2.5 tim, 
and 

a trough positioned between the inner peak and outer 
peak having a minimum relative refractive indeX 
A% less than both A% and A%, wherein the 
minimum relative refractive index A,% is between 
0.3% to 1.0%, 

a moat Segment, Surrounding the central core Segment, 
having a relative refractive indeX A%, and 

a ring Segment, Surrounding the moat Segment, having a 
positive relative refractive index A% wherein A% and A% 
are greater than A% wherein the dispersion compensating 
fiber exhibits negative dispersion at 1550 nm. 

2. The dispersion compensating fiber of claim 1 having a 
total dispersion at 1550 nm of between -50 and -100 
pS/nm/km. 

3. The dispersion compensating fiber of claim 1 having a 
kappa, defined as a ratio of total dispersion at 1550 nm 
divided by total dispersion slope at 1550 nm, of less than 100 

. 

4. The dispersion compensating fiber of claim 3 having a 
total dispersion slope at 1550 nm of -1.0 to -2.5 ps/nm/km. 

5. The dispersion compensating fiber of claim 1 having an 
effective area at 1550 nm of greater than 20 um’. 

6. The dispersion compensating fiber of claim 5 having an 
effective area at 1550 nm of greater than 25 um. 

7. The dispersion compensating fiber of claim 1 wherein 
the inner peak index A% is between 0.5% to 2.0%. 

8. The dispersion compensating fiber of claim 1 wherein 
the inner peak is located at a radius r of between 0.0 um and 
0.85um. 

9. The dispersion compensating fiber of claim 1 wherein 
the outer peak index A% is between 0.9% to 2.0%. 

10. The dispersion compensating fiber of claim 1 wherein 
the outer peak is located at a radius r between 1.4 um and 
2.4 um. 

11. An optical fiber Span, comprising: 
a transmission fiber operating in a wavelength band 

having a center operating wavelength, and 
the dispersion compensating fiber of claim 1 optically 

coupled to the transmission fiber, wherein a dispersion 
minima of the dispersion compensating fiber is posi 
tioned at least 55 nm above the center operating wave 
length. 

12. An optical fiber span, comprising: 
a transmission fiber operating in a wavelength band 

having a center operating wavelength, and 
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the dispersion compensating fiber of claim 1 optically 

coupled to the transmission fiber, wherein a residual 
dispersion of the span is less than +/-25 pS/nm per 100 
km of the transmission fiber over a wavelength band of 
between about 1527 to 1567 nm. 

13. A dispersion compensating module comprising the 
dispersion compensating fiber of claim 1. 

14. The dispersion compensating fiber of claim 1 having 
a kappa, defined as a ratio of total dispersion to total 
dispersion slope at 1550 nm, of between 35 nm to 65 nm. 

15. The dispersion compensating fiber of claim 1 wherein 
A% is less than -0.5%. 

16. The dispersion compensating fiber of claim 1 wherein 
the relative refractive indeX A% of the ring Segment is 
greater than 0.4%. 

17. The dispersion compensating fiber of claim 16 
wherein A% is between 0.5% to 1.0%. 

18. A dispersion compensating fiber, comprising: 
a refractive indeX profile having 

a central core Segment with 
an inner peak with a relative refractive index A,% in 

the range from 0.7% to 2.0% located at a radius r 
of between 0.0 um and 1.0 um, 

an outer peak with a relative refractive index A% in 
the range from 0.7% to 2.0% located at a radius r 
between 1.5 um and 2.5 tim, and 

a trough positioned between the inner peak and the 
Outer peak having a minimum trough index A,% in 
the range from 0.3% to 1.0% wherein A,% is less 
than both A% and A%, 

a moat segment, Surrounding the central core segment, 
having a negative relative refractive index A% more 
negative than -0.5%, and 

a ring Segment, Surrounding the moat Segment, having 
a relative refractive index A% greater than 0.4%. 

19. A dispersion compensating fiber, comprising: 
a refractive indeX profile having 

a central core Segment with 
an inner peak with a relative refractive index A,% in 

the range from 0.5% to 2.0% located at a radius r 
of between 0.0 um and 0.85 um, 

an outer peak with a relative refractive indeX A% in 
the range from 0.9% to 2.0% located at a radius r 
between 1.5 um and 2.5 tim, and 

a trough positioned between the inner peak and the 
Outer peak having a minimum trough index A,% in 
the range from 0.3% to 1.0% wherein A% is less 
than both A% and A%, 

a moat Segment, Surrounding the central core Segment, 
having a negative relative refractive indeX A% 
between about -0.5 to -1.0%, and 

a ring Segment, Surrounding the moat Segment, having 
a relative refractive index A% of between about 0.5 
to 1.0%. 


